Introduction
Metal fragments are increasingly being used in the construction of hosts for anions 1 and neutral molecules. 2 Metals can act as Lewis-acidic binding sites or as sensing units, carry positive charge and increase the strength of non-covalent interactions such as hydrogen bonds. Metals can also play structural roles, such as restricting the conformations available to the host or acting as the core onto which the binding groups are assembled in the appropriate geometry. Our own work, of which this Article gives an account, focused on using simple mononuclear organometallic complexes as anion hosts. Due to our selection of simple ligand architectures, the geometry of the host is mainly an expression of the metal preferences. When using organometallic compounds as hosts, stability is always a prime concern. We have chosen metal fragments that are stable toward air and moisture, as well as against ligand substitution by the anion guest. Interestingly, Meggers et al.
have recently employed kinetically inert metal complexes as elements of molecular scaffolding within the field of bioorganometallic chemistry. 3 Competition between the counter-anion and the target guest is one of the limitations of cationic anion hosts. Our approach to this issue has been to employ the BAr9 4 2 (Ar9 = 3,5-bis(trifluoromethyl)phenyl) tetraarylborate, widely used in organometallic chemistry, 4 but not in host-guest chemistry, as counter-anion. The ancillary ligands (i.e., those that complete the metal first coordination sphere but are not directly involved in anion binding) were found to dramatically influence the stability of the complex and its solubility, crucial features in the behavior of the complex toward anions. In some cases (see below) the nature of the ancillary ligands even dictates the geometry of the complex.
Recent works by the groups of Gale and Loeb, 5 and Steed, 6 have elegantly shown that simple coordination compounds containing a combination of positive charge and monodentate ligands featuring hydrogen bond donor groups can be used as anion hosts. The geometrical preferences of the metal center place the ditopic ligands in positions such that their hydrogen bond donor groups can converge toward an external guest.
In contrast with purely organic hosts, for which attaining the right geometry can be synthetically challenging, those metalbased hosts are synthesized by simple addition or substitution reactions employing an easily available metal precursor and simple organic molecules. Monodentate pyrazoles and Julio Pérez (1964) was raised i n C a n g a s d e l N a r c e a (Asturias Regarding the solution behavior, since electrostatic attractions are non-directional, hosts based only in electrostatic attractions are inherently non-selective. Moreover, this lack of selectivity between different anions includes the counter-anion. And, since the measured, effective binding constant reflects the difference between the host-guest interaction and the hostcounter-anion interaction, a small difference between them results in a low effective binding constant for external anions. As an example, competition between the PF 6 2 counter-anion and the external anionic guest has been invoked by Steed and co-workers as a possible explanation for the fact that a Ru-based monocationic host is not only more selective, but also exhibits higher binding constants, than Pd-or Pt-based dicationic hosts featuring similar hydrogen-bonding groups. 6a Another limitation of the anions customarily employed as counter-anions of cationic hosts is their reactivity. Thus, hydrolysis of PF 6 2 to difluorophosphate in the presence of traces of water has been well documented in organometallic chemistry, 18 including some example of metal-based anion hosts. 6a An example of hydrolysis of BF 4 2 to boric acid has been reported by Chaudhuri and co-workers to occur during the attempted synthesis of a metal-organic hybrid material.
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In organometallic chemistry, such behavior, in addition to the growing number of examples of ''non-coordinating anions'' acting as ligands or as fluoride-transfer agents, prompted the search for more inert and less coordinating anions.
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Tetraphenylborate is known to undergo B-C bond cleavage in the presence of strong electrophiles, to coordinate to metal centers 20b and, in the realm of supramolecular chemistry, to interact significantly with organic cations containing N-H bonds. 21 In contrast, it has been found that the presence of the two strongly electron-withdrawing CF 3 groups at the 3 and 5 positions of each aromatic ring deactivates the tetraarylborate toward B-C cleavage and makes BAr9 4 2 one of the most inert and less coordinating anions. 4,20b On the other hand, its lipophilic character confers to its salts a high solubility in moderately polar organic solvents, facilitating spectroscopic studies in these media. Due to these desirables features, BAr9 4 2 has become quite popular in organometallic chemistry and catalysis; for the same reasons, we have chosen it as the counter-anion for our cationic hosts. From among the several ways to introduce the BAr9 4 2 counter-anion, we have preferred the reaction of triflato complexes (in turn easily available from chloro or bromo complexes and commercially available AgOTf) with the easily synthesized, thermally stable NaBAr9 4 salt. 4 The choice of metal fragment
To be able to converge toward an external guest, three pyrazole ligands must be in adjacent positions within the metal coordination sphere. For an octahedral metal complex (the most commonly encountered geometry), this means the fac isomer. Which geometry, fac or mer, is preferred for octahedral complexes [M(Hpz) 3 ] complexes (L = monodentate N-donor), it is unstable in the air, the yellow powder turning violet in a few hours. Seven-coordinate tris(pyrazole) Mo(II) carbonyl complexes were also known to be unstable, decomposing during attempts to run 13 C NMR spectra. 24 We knew from previous work that pseudo-octahedral N-donor derivatives of the {Mo(g 3 -allyl)(CO) 2 26 and by Paredes, Miguel and Villafañ e. 27 However, a nitrile-free route was sought to avoid complications arising from pyrazole-nitrile coupling, a reaction mediated by cationic metal centers, and to which we will refer again below.
Compound [Mo(g 3 -allyl)(CO) 2 (Hdmpz) 3 ]BAr9 4 (Hdmpz = 3,5-dimethylpyrazole) was synthesized as depicted in Scheme 1 and characterized spectroscopically and by X-ray diffraction, including the hydrogen bonds between the oxygen of a cocrystallized THF solvent molecule and two of the N-H pyrazole groups (see Fig. 3, F 4 were found to be stable toward air and moisture, and their solution IR and NMR spectra showed them to occur exclusively as the fac isomers. Their NMR spectra indicated that, even in donor solvents such as acetonitrile, the cationic complexes do not undergo fast dissociation/re-coordination of their pyrazole ligands.
The manganese compounds were found to be labile toward substitution by all tested anions (e.g. one of such substitution products has been crystallographically characterized, and its structure, showing that the nitrate anion has displaced one pyrazole ligand, which interacts through hydrogen bonds with the resulting nitrate Mn complex is displayed in Fig. 4) (Fig. 5, L) are an exception as they contained the four ions. The structure of the acetone adduct [Re(CO) 3 (Hdmpz) 3 ]BAr9 4 ? (OLC(CH 3 ) 2 ) was also determined (Fig. 5, I ). the two pyrazoles involved in hydrogen bonds to the acetone oxygen) are compared. This suggest that the formation of the strongly directional hydrogen bonds between the N-H groups of two pyrazoles and the anionic or polar guest requires an opening of the N-Re-N angle. Since the minimal cation-anion hydrogen bond interaction occurs for the low interacting BAr9 4 anion, the N-Re-N angles found in BAr9 4 salts can be regarded as the closest to the ''natural'' angles dictated by the geometrical preferences of the cationic complex. Therefore, the angle widening found in the acetone or nitrate adducts would be a distortion from these preferences, the resulting destabilization being compensated by guest binding. Note that the coordination geometry for the A and C compounds mentioned above is approximately tetrahedral about the central atom (B or Zn) and thus the natural angles would be much larger than those in our approximately octahedral compounds. As for compound B, although the central lead atom is hexacoordinate, its geometry is far from octahedral, N-Pb-N angles being 111.8(3)u. Therefore, we hypothesized that guest binding through the N-H groups of the three pyrazoles of our octahedral compounds would be unfavorable due to the large distortion that it would require, for which guest binding would not pay off. Indeed, the Re-N bond lengths in [Re(CO) 3 (7) and 2.204(6) Å ), and the two longer ones correspond to the pyrazoles involved in the hydrogen bonding, suggesting that the distortion in the geometry due to guest binding results in loss of orbital overlap and thus in weaker bonds and longer distances. One could expect that these differences in bond lengths should be more pronounced for an anionic guest than for acetone. However, the differences between Re-N bond lengths in [Re(CO) 3 31 and hence to display shorter M-N lengths. 32 The fact that (although the difference is very small) the contrary is found suggests that our hypothesis of a loss of Re-N bonding character upon guest binding due to unfavorable N-Re-N angle opening may be correct.
Rhenium tris(pyrazole) compounds: solution behavior
The behavior of the new tris(pyrazole) rhenium compounds in solution was studied using IR and NMR spectroscopies. 33 Deprotonation by fluoride has been found in many instances, including neutral amide, urea, thiourea and pyrrole derivatives, and it was usually recognized by some drastic change, for instance, in the UV-vis spectrum. 34 In some cases, distinction between hydrogen bonding and complete H + transfer may not be easy. In our case, IR spectroscopy was found to be very useful: the n CO bands of the tris(pyrazole) complex shift a few cm 21 2 ] complex, characterized by X-ray diffraction (see Fig. 6, N) . Its formation indicates that one of the pyrazoles was protonated by hydrogensulfate, and its place on the metal coordination sphere was occupied by the resulting sulfate anion. Interestingly, [Re(CO) 3 To assess the effect of the third pyrazole on the magnitude of the host-guest interaction, we set out to prepare compounds fac,cis-[Re(CO) 3 (Hdmpz) 2 L]BAr9 4 (L = ligand devoid of a hydrogen bond donor group) and to compare their binding constants with those of the tris(pyrazole) compounds. 30c We first targeted compounds with L = 1,3,5-trimethylpyrazole, since this ligand would be a close mimic of the steric and electronic properties of 3,5-dimethylpyrazole. However, all our attempts to prepare this compound in a pure form failed. This was also the case with N-methylimidazole. Compounds cis-[Re(CO) 4 (Hdmpz) 2 ]BAr9 4 and fac,cis-[Re(CO) 3 (Hdmpz) 2 -(py)]BAr9 4 (py = pyridine) could be prepared; however, they were found to be unstable toward anions in solution. This shows that sufficient stability requires the right combination of metal, oxidation state, ditopic ligands and ancillary ligands. In our case, this was found for the compound fac,cis-[Re(CN t Bu)(CO) 3 (Hdmpz) 2 ]BAr9 4 (CN t Bu = tert-butyl isocyanide), prepared as indicated in Scheme 3, and the X-ray structure of which is shown in Fig. 7 . This compound was found to be stable toward Bu 4 N + salts of chloride, bromide and nitrate, for which fast exchange was found. Binding constants were found to be 1-2 orders of magnitude lower than those calculated for the tris(3,5-dimethylpyrazole) compound in the same solvent. Therefore, the presence of a third pyrazole results in stronger binding. We do not think that the difference can be explained by the properties of the CN t Bu ligand. Isocyanides are, like CO, strongly p-acceptors; therefore their presence should make the metal fragment more electron-withdrawing and thus make the pyrazole N-H groups stronger hydrogen bond donors. As for the steric properties, the linearity of the isocyanide places the bulky CN t Bu group away from the N-H groups, where it should not be hindering the anion approach. We speculate that the difference made by the presence of the third pyrazole could be due to a weaker, yet significant interaction in solution between its N-H group and the anion.
Pyrazole and pyrazolylamidino ligands
Metal-mediated coupling of pyrazoles and nitriles to afford pyrazolylamidino ligands (Scheme 4(a)) was first reported in 1986 by McCleverty and co-workers, 36 and subsequently by a few other groups. 37 In a collaboration with Arroyo, Villafañ e and Miguel, we found that compound fac-[Re(CO) 3 -(Hdmpz) 2 In the rigid structure of the cationic complex, both N-H groups can converge toward an external anion.
In comparison with the tris(pyrazole) compounds discussed above, now the function of the metal fragment is, in addition to geometrically organize the N-H donor groups, to serve as a template that mediates the formation of the pyrazolylamidino ligand. The compound was found to be stable in the presence of different anions; in fact, its 1 : 1 hydrogen bond adducts with chloride (P) and perchlorate (Q) could be characterized by X-ray diffraction (Fig. 8) .
1 H NMR titrations using the N-H signals of both pyrazole and pyrazolylamidino ligands were used to calculate the binding constants shown in Table 2 .
Despite the fact that there are only two N-H hydrogen bond donor groups, the binding constant for chloride is relatively large, in agreement with the short N … Cl hydrogen bond distances (3.183(7) and 3.184(7) Å ) found in the solid state. Both the large binding constant and the marked bias for chloride can be attributed to the relatively rigid structure of the 
Very weak hydrogen bond acceptors: a diamine complex
The results discussed above suggest that hosts consisting of an appropriate cationic organometallic complex, with a hydrophobic periphery of ancillary ligands, and the BAr 4 9 anion, could allow the detection of even very weak interactions between the complex and an external anion. Non-protonated amines are very weak hydrogen bond donors. Hydrogen bonds between chelated diamines and polar molecules have been proposed to stabilize the transition state in hydrogen transfer to ketones mediated by Noyori- Fig. 9 ;
hydrogen bonding between one perchlorate anion and three metal cationic complexes is displayed), prepared by metathesis reactions using Bu 4 N + salts, feature hydrogen bonds between the amine N-H groups and the O atoms of the oxoanions as part of their solid-state structures (see Fig. 9 ). In CD 3 CN solution, 1 : 1 binding constants ranging from 77(15) (for Cl 45 This can be attributed to a combination of self-association and the unfavorable loss of rotational entropy when the two N-H groups of biimidazole form simultaneously hydrogen bonds with a given anion. Chelation of a metal center can have a dramatic effect on biimidazole solubility and on the magnitude of its anion binding. In the resulting complex, the lone electron pairs that acted as hydrogen bond acceptors in free biimidazole are now blocked, being used for metal binding. Therefore, to the extent that the complex is devoid of additional hydrogen-bond acceptor groups, there will be no strong self-association. Fig. 10 ), and presumably by other anions. To make it worst, such substitution was very difficult to detect, as color, IR and NMR spectra of the chloro and bromo derivatives are very similar.
Less predictably, the tetracarbonyl biimidazole complex was found to be insoluble in organic solvents, including in the highly polar and strong hydrogen-bond acceptor DMSO-d 6 , to the point of precluding the study of its solution behavior by 1 H NMR. This suggests the presence of strong hydrogen bonds between biimidazole N-H groups and the oxygen atoms of the carbonyl ligands, and indeed a related interaction has been characterized by X-ray diffraction by Villafañ e and co-workers in the very insoluble cis-[Mo(CO) 4 (Hpz) 2 ] complex. 47 An obvious way to disrupt the intermolecular hydrogen bonds that we proposed were limiting so severely the solubility of the neutral biimidazole complexes was employing cationic complexes, as cation-cation repulsion and anion interposition would oppose association. At first sight, cation-anion association could lead to an even worst scenario, but we hoped that using BAr9 4 2 (see above) would minimize ion pairing. Substitution of chloride by a neutral ligand in [Mo(g 3 -allyl)Cl(CO) 2 (N-N)] provided an obvious route to the cationic complexes, and CN t Bu was found to be ligand of choice (see Scheme 6). 46 [Mo(g 3 -methallyl)(CN t Bu)(CO) 2 (N-N)]BAr9 4 was found to be very soluble in CH 2 Cl 2 , THF and CD 3 CN, and stable towards several anions. Unlike halide substitution in the neutral precursor (see above), substitution of monodentate carbonyl or isocyanide ligands in [Mo(g 3 -methallyl) (CN t Bu)(CO) 2 (N-N)]BAr9 4 by anions would be easily detected by IR, since the n CO bands of these compounds and those of the potential substitution products would be largely different. Moreover, free CN t Bu would be also detected by IR. of the oxygen atoms of the oxoanion, forming a ninemembered ring.
Conclusions
The simple hosts outlined in this Article achieve relatively strong anion binding through a combination of hydrogen bonding and coulombic attraction. The hydrogen bond donor groups are at the periphery of ligands, the proper orientation of which is provided by their coordination to organometallic fragments. The metal fragment must provide stability to prevent ligand dissociation, even in the presence of the anions, and must lack strong hydrogen bond acceptor groups that, through self-association, would reduce solubility and anion binding strength. Simple monodentate ligands (e.g., pyrazoles) can be used, but then the metal fragment must be carefully chosen, for its geometrical preferences will dictate the geometry of the host. BAr9 4 2 is low interacting and inert, and its salts are very soluble in organic solvents of moderate polarity; therefore, it is an excellent counter-anion for cationic hosts in these media.
